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Figure 1-1.  Process of drug development  
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Figure 1-2. Examples of regenerative medicine products.
Cultured epidermis (Jace)
Cultured cartilageJacc
Figure 1-2. Examples of regenerative medicine products. 
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Figure 1-3. Predication of a market size of regenerative medicine and its peripheral 
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Figure 1-3. Predication of a market size of regenerative medicine and 
its peripheral industry in future (A) Japan (B) Globe 
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Cell culture surface processed 
for good cell adhesion
Figure 1-5. Process of adhesion culture 
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Figure 1-6. Process of passage culture 
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Simple overview of cell adhesion 
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Figure 1-8. Multilayered cell sheet for 3D tissue fabrication in vitro 
Cell sheet 
Stacked cell sheet
Figure 1-8. Multilayered cell sheet for 3D tissue fabrication in vitro  
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Figure 1-9. Schematic image of bioprinting 
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Figure 1-10. Schematic image of cell manipulation using magnetic particles 
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Figure 1-11. Schematic image of cell patterning using surface modification
Cell Hydrophilic surface 
Hydrophobic surface
Figure 1-11. Schematic image of cell patterning using surface 
modification 
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Figure 1-12. Schematic image of cell patterning using standing wave 
Ȑ 1Ȏ ıɰ                             



































Ȑ 1Ȏ ıɰ                             









q$)ˈư#ʦɇǥǆƿǄĳˆLower Critical Solution temperature: LCSTˇ>5 p{q#





 ƎœƵ#) pˈ{ˆ N-CWl~i|AK{|Ar_ˇˆPoly(N-isopropylacrylamide): PNIPAMˇ
$ǄĳŇȓŊp{q(ˊ >¨ʿýˀʳ8ȦȽ>Êʯ:ˉƎp{q(ʦɇǥ 
  
Table. 1-1 Comparison of each method
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Figure 1-13. Principle of fabricating cell sheet using Poly(N-isopropylacrylamide) 
coated culture dish





Figure 1-13. Principle of fabricating cell sheet using Poly(N-isopropylacrylamide) 
coated culture dish 
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Figure 1-14. Heart sheet sold by TERUMO CORPORATION.
https://www.terumo.co.jp/medical/regenerative/heartsheet.html
Figure - . Heart sheet sold by TERUMO C RP ATION. 
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Figure 1-15. Principle of fabricating cell sheet using gold-thiol reaction 
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Digested (HA/PLL) film 
hexacyanoferrate(II)
(ferrocyanide) 
Figure 1-16. Principle of fabricating cell sheet using polyelectrolyte 
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Figure 1-19. Schematic image of ultrasonic irradiation to suspended (A) and 










Figure 1-19. Schematic image of ultrasonic irradiation to suspended (A) and adhered (B) cells  
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Figure 1-20. Cell differentiation 
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Table. 1-2 Features of each method of transfection
Classification Method Pros Cons 
Biological Virus vector High frequency,Easiness













Variation of transfection 












No limit of the 
size of 
transfection
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Figure 1-23. Gene transfection usi g viral vectors 
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Figure 1-24. Schematic image of sonoporation  
 




































(1 − 𝜆)2]（2.2） 
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固有振動モードが励振される．固有振動モードを励振された物体には Figure 2-1 に示すよう 
  
Figure 2-1. Conceptual diagram of resonance vibration   
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Figure 2-2. Schematic image of cell patterning by using 
resonance vibration of cell culture substrate 
 
第 2 章 培養基材に励振した固有振動モードを用いた細胞パターニング 














Figure 2-3. Schematic image of cell patterning by using resonance 
vibration having single nodal circle  
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 本研究では，培養面を直径 40 mm，厚さ 1 mm の円形の SUS316L 円板とし，固有値解析
によって固有振動モードの形状と固有振動数を確認した．固有振動モードの形状は，細胞培
養面に用いる SUS316 の形状や寸法，励振する固有振動モードは有限要素法による固有値解
析を用いて確認した．なお，固有値解析には有限要素法解析ソフト ANSYS Ver 15.0 を用いた．
固有値解析を行った際には Table 2-2 に示した SUS316L の物性値を用い，シリコーンゴムで
培養面を把持することを鑑みて（後述）境界条件は自由端とし，要素形状は正四面体，要素
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率に影響することが報告されているため，微粒子ピーニング（Fine Particle Peening: FPP）処理




Figure 2-4. Eigenvalue analysis (ANSYS 15.0). Colored bar indicates out-of-plane displacement
normalized to the maximum amplitude. A: Resonance vibration having single nodal circle (vibration
frequency, 7.1 kHz). B: Resonance vibration having cross-circle nodal pattern (vibration frequency, 26.9
kHz).
Figure 2-4. Eigenv lue analysis (ANSYS 15.0). Colored bar indic t s out-of-
plane displacement normalized to the maximum amplitude. A: Resonance 
vibration having single nodal circle (vibration frequency, 7.1 kHz). B: 
Resonance vibration having cross-circle nodal pattern  (vibration frequency, 
26.9 kHz). 
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成解析を行った．圧電−構㐀連成解析に用いた各部品の物性値および寸法を Table 2-4～2-8 に
示す．圧電素子の各電極に印加する交流電圧の入力周波数，および各電極への印加電圧の位
相差を変化させ，励振される固有振動モードを確認した．なお，入力電圧は 10 V とし，解析
には有限要素解析ソフト ANSYS Ver 15.0 を用いた．Figure 2-5 の電極配置において，各電極
に同位相の電圧を印加したシリーズ I と，電極 A と D を同位相，これに対して電極 B と C を
逆位相に加振したシリーズ II に対して解析を実行した．各シリーズの説明は Figure 2-6 に記
述した．解析結果を Figrue 2-7 に示す．同図より，シリーズ I に周波数 7.7 kHz の交流電圧を
入力すると円型の節を持つ固有振動モードが励振されることが，シリーズ II に周波数を 27.6 
kHz の交流電圧を入力すると円型および十字型の節を合わせ持つ固有振動モード励振される
ことがわかる．Figure 2-7 の振幅分布は Figure 2-4 と十分類似していることから，設計した圧
電素子および電極パターンによって所望の固有振動モードを励振可能と結論づけた．以上の
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Figure 2-5. Design of the piezo electric substrate. Polarization is along the thickness direction. (A) Top face on





















Figure 2-5.  Design of the piezo electric substrate. Polarization is along the 
thickness direction. (A) Top face on which the cultivation substrate was glued. 
(B) Bottom face. (C)Side view. Unit: mm.   
Figure 2-6. Method of inputting AC voltage on the piezo electric substrate. (A) 
series I (B) series II 
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Figure 2-7. Piezoelectric structure coupled analysis(ANSYS 15.0). Colored bar indicates out-of-plane 
displacement normalized to the maximum amplitude. A: Resonance vibration having single nodal 
circle (vibration frequency, 7.7 kHz). B: Resonance vibration having cross-circle nodal pattern  
(vibration frequency, 27.6 kHz).
Figure 2-7. Piezoelectric structure coupled analysis(ANSYS 15.0). Colored 
bar indicates out-of-plane displacement normalized to the maximum 
amplitud . A: Resonance vibration having single nodal circle (vibration 
frequency, 7.7 kHz). B: Resonance vibration having cross-circle nodal pattern  
(vibration frequency, 27.6 kHz). 
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Figure 2-8. Picture of piezo electric substrate (A) Upside (B) Bottom side 
Figure 2-9. Polyacetal jig to align the piezoelectric substrate and SUS316L 
plate. 
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D.G 株式会社）を用いた．加圧接着の際は，Figure 2-10 に示すように接着治具に圧電素子，
SUS316L 円板の順に挿入し，上から加圧用カバーで覆った．この際に，接着剤による振動の
減衰を防ぐために，なるべく接着剤の層を薄くするように注意した．その後，Figure 2-11 に
示す加圧治具を用いて加圧接着した．加圧条件は，圧力を 3 N/m2，加圧時間を 8 時間とした． 
  
Figure 2-10. Schematic image showing the way to adhere piezoelectric 
substrate on SUS 316L plate  
 
Figure 2-11. Image of pressurization device to adhere piezoelectric substrate 
on SUS316L plate  
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極にリード線をはんだ付けした．製作した培養基材を Figure 2-12 に示す． 
  
Figure 2-12. Cell culture substrate exciting resonance vibration. (A) Top face 
on which the cells were cultured. (B) Bottom face. 
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Figure 2-13. Schematic image of the structure of cell patterning device
Bolt  
Acrylic cover 
Silicone rubber wall 
Silicone rubber base
Nut 
Piezo electric plate  
Metal cultivation substrate 
Acrylic base
Figure 2-13. Schematic image of the structure of cell patterning device 
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および 20 wt%の希釈剤（RTV シンナー，信越化学工業株式会社）と混合し，シリコーンゴム
混合液を生成し，これを真空チャンバ（真空デシケーターVL-C 型，アズワン株式会社）内に
配置し，真空ポンプ（ULVAC G-50SA，ULVAC KIKO Inc.）を用いてチャンバ内を減圧して脱
泡した．上記の減圧過程を複数回繰り返し，混合液を十分に脱泡した後に，製作した鋳型に
流し込み，再度脱泡を行った．十分に脱泡した後に，オーブン（Isotemp Vacuum Oven Model 
280A，Fisher Scientific）に配置し，130˚C において 30 分焼成した．これらの部品を 2.3.1 項で
述べたように組み立てて，細胞パターニングデバイスを製作した．製作した細胞パターニン








レーザドップラ振動計（CLV-3D, PI Polytech）とオシロスコープ（Wave surfer 424, Teledyne 
LeCroy）を用いて培養面の振動㏿度を測定し，振幅を計算する．以上の測定方法について 
Figure 2-15 にイメージ図を示す． 
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Figure 2-14. Fabricated cell patterning device. (A) Upside (B) Bottom side 
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Laser Doppler Vibrometer 
Cell patterning device
Figure 2-15. Schematic image evaluating the excited vibration on the cell culture 
substrate.  
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中央から 12 mm 離れた位置の近傍である．なお，細胞パターニング実験の際は，細胞パター
ニングデバイス内に培地を 2 mL 配置するため，細胞パターニングデバイスに 2 mL の培地
を入れた状態で，それぞれの固有振動モードにおいて 30 V の交流電圧を印加して培養基材を
振動させた．Figure 2-16 に入力電圧の周波数を変化させて測定した振動振幅を示す．なお，
振幅はそれぞれの固有振動モードにおける最大振幅で正規化している．同図から，円型の固
有振動モードの固有振動数は 6.2 kHz であり，円型と十字型の節を有する固有振動モードの
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動モードを励振し，培養基材の中心より 4 mm 間隔で，中心から 12 mm 離れた位置まで振幅
を測定した（Figure 2-18）．円型および十字型の節を併せ持つ固有振動モードの振幅分布を測 
  
Figure 2-16. Relationship between driving frequency and normalized vibration 
amplitude (voltage, 30 V). The amplitude was in the out-of-plane direction and 
normalized to the maximum value at resonance. (A) Single nodal circle (B) 
Cross-circle node 
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Figure 2-17. The relationships between input voltage and vibration displacement . 
(A) Single nodal circle. (B) Cross-circle node. 
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Figure 2-18. Positions where vibration displacements were measured with single nodal circle (A) and cross-circle nodal (B). Measurement 





Figure 2-18. Positions where vibration displacements were m asured with 
single nodal circle (A) and cross-circle nodal (B). Measurement was 
performed every 4 mm on the lines. 
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Figure 2-19. Comparison of measured and analyzed vibration displacement 
of the resonance vibration. (A) Single nodal circle. (B) Cross-circle node. 
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パターニングデバイスを 70%エタノールに 1 時間浸漬した後に，細胞パターニングデバイス
の細胞を培養するスペースをアセサイドによって 10 分間浸漬して滅菌を施した．その後，培
養面からアセサイドを除去し，リン酸緩衝生理食塩水（Phosphate buffered salts：PBS）を用い




 本研究では仔ウシ由来軟骨細胞を用いた．軟骨細胞は先行研究に基づいて生後 4~6 週間の
仔ウシの膝関節から採取した 130．膝の関節の骨頭から軟骨を 1 mm3程度の組織片に刻み，組
織片を D-MEM/Ham’s F-12 に 10%ウシ胎児血清（Fetal bovine serum: FBS），L-glutamine，お
よび抗生物質を添加した培地に一晩漬けた．その後，PBS で洗浄した後，細かく粉砕し，先
ほどの培地に 0.15 %コラゲナーゼタイプ I を加えて，インキュベータ内で 16 時間攪拌した．







させた軟骨細胞を用いた．また，細胞を培養するための培地には，FBS を 10%加えた Ham-







第 2 章 培養基材に励振した固有振動モードを用いた細胞パターニング 







 2.5.1 項に示した方法で滅菌した細胞パターニングデバイスに，2.5.2 項に示した手順で準備




に，培養面上の細胞分布を確認するために生細胞を Calcein AM (1 mg/mL)（calcein-AM solution 
1 mL，同仁化学研究所）を用いて蛍光染色し，倒立型蛍光顕微鏡（ECLIPSE Ti; Nikon Corporation）
を用いて観察した．Calcein AM は，生細胞の細胞質に存在する Ca と反応して染色する試薬で
ある．Calcein AM は培地に含まれている FBS 内の Ca とも反応するため，振動の励振を停止
した直後に培地を抜き去り，培養面を PBS で 3 回洗浄し，培地に含まれる Ca を除去した．
さらに，これによって培地内を浮遊していた細胞は除去されて 2 時間の細胞パターニング後
の細胞分布を測定することが可能となった．染色の際は，無血清培地 2 mL に 4 µL の Calcein 
AM を混合した染色液を用いて 30 分培養した．なお，Calcein AM は光により退色するため，
染色は遮光した状態で行なった．倒立型蛍光顕微鏡により下方から培養面を観察するため，
Figure 2-20 に示す観察用の治具を製作した．細胞分布の測定の際は培養基材中心から 16 mm 
  
Figure 2-20. Schematic image of how to use jig for observation of the cells on culture substrate
Jig for observation of the 
cells on culture substrate
Culture substrate
Observed by an 
inverted microscope
Figure 2-20. Schematic i age of how to use jig for observation of the cells on 
culture substrate 
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離れた位置まで 4 mm ごとに蛍光写真を撮影して，それぞれの位置での細胞の密度を測定し，
中心からの距離と細胞密度の関係を調べた．蛍光写真を撮影した箇所を Figure 2-21 に示した．










Figure 2-21. Positions where cell distributions were measured with single nodal circle (A) and cross-circle nodal (B). Measurement was 





Figure 2-21. Po itions where cell distributions were measured with single 
nodal circle (A) and cross-circle nodal (B). Measurement was performed every 
4 mm on the lines. 
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 振動数と最大振幅はそれぞれ 6.2 kHz と 4.5 µm で固定し，細胞数を 2.5×105 個と 5.0×105




胞分布を Figure 2-23 に示す．横軸は培養面中心からの距離，縦軸は各位置における細胞密度
を平均の細胞密度で除したものを表している．細胞密度は，播種した細胞数を培養面の面積 
  
Figure 2-22. Images of live cells on culture substrate with cell patterning by resonance 
vibration having single nodal circle. The initial number of cells was 2.5×105.  The 
maximum vibration displacement was 4.5 µm.  
 
第 2 章 培養基材に励振した固有振動モードを用いた細胞パターニング 




いずれも振動の条件は同一であったが，播種した細胞数が 2.5×105 個のときは 5.0×105 個の
ときと比較して細胞分布に偏りがあった．このことから，細胞数はパターニング結果に影響
することが明らかになった．2.5×105個の細胞を播種したときの細胞分布に着目すると，培養
面中心から 12 mm 離れた位置における細胞密度が高く，中心の細胞密度が低い．Figure 2-7 か








Figure 2-23. Cell distributions with different number of initial cells. (mean 
± SD, n = 4) 
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を Table 2-9 に記す．固有振動の節の面積がそれぞれの固有振動モードにおいて異なるため，




Figure 2-19 から振動の腹と節は培養面中心と中心から 12 mm 離れた位置であるから，その 2
点において各最大振幅間の細胞密度を比較すると，培養面中心において細胞密度が最も低い
のは最大振幅が 4.5 µm の際であり，中心から 12 mm 離れた位置で細胞密度が最も高いのも
最大振幅が 4.5 µm の際である．このことから，コンセプトの細胞パターニングは最大振幅 4.5 
µm の際に可能であったと言える． 
 つぎに，円型と十字型の固有振動モードを用いた細胞パターニングの際の細胞分布につい
て論じる．Figure 2-19 で測定した振動分布と比較して，最大振幅が 1.5 µm の時，振動の腹に
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Figure 2-24. Cell patterning results with each maximum vibration displacement of the 
resonance vibration having single nodal circle (A) and cross-circle node (B). (B-1, 2, 
and 3) shows the results with maximum amplitudes of 1.0, 1.5, and 2.0 µm. Cell density 
was normalized to the cell density without vibration (mean + standard deviation, n = 4). 
 
Figure 2-24. . Cell patterning results with each maximum vibration displacement of the resonance vibration having single nodal circle
(A) and cross-circle node (B). (B-1, 2, and 3) shows the results with maximum amplitudes of 1.0, 1.5, and 2.0 µm. Cell density was
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Figure 2-25. Cells stained with Calcein AM after cell patterning with cross-circle node 
having a maximum vibration displacement of 1.5 µm. (A) Along the antinode direction. 
(B) Along the node direction. 
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Figure 2-26 に示す．この図から，振動振幅 Aと細胞密度 Dの関係は 
D = –2.21A + 2.43（2-6） 
のように表されることが明らかになった．さらに，本パターニング手法において，細胞が接
着するための振幅の閾値が存在することも示唆された．なお，円型と十字型の節を併せ持つ
固有振動モードを振動数 21.4 kHz で励振した際の，細胞が培養面に接着する閾値は 1 µm 近
傍にあることが明らかになった． 
 ここからは，培養面に接着した細胞数に関して結果と考察を述べる．励振する最大振幅と
細胞の接着数との関係を Figure 2-27 に示す．同図より，円型の節を有する固有振動モードを
励振した際の最大振幅が 4.5 µm 以下の際と，円型と十字型の節を併せ持つ固有振動モードを 
  
Figure 2-26 Normalized cell density as a function of vibration amplitude at a maximum 
amplitude of 1.5 µm. Cell density was measured along the antinode direction and 
normalized to the cell density without vibration (mean ± standard deviation, n = 4, ** : p 
< 0.01). Linear regression is conducted with the data with the amplitude of 1 µm or 
smaller since the amplitude of 1 µm is obviously the threshold for the cell manipulation. 
This cell patterning was performed by resonance vibration having cross-circle nodal. 
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細胞数に有意差がなかった．一方で，円型の節を有する固有振動モードの最大振幅が 6 µm の





Figure 2-27. Relationship between the number of adhered and floating cells and 
maximum vibration displacement (n = 3). (A) Single nodal circle. (B) Cross-circle nodal. 
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Figure 3-1. Reflection and propagation of traveling wave
Medium A
Acoustic pressure of incident waveP1 Acoustic pressure of transmitted waveP2
Acoustic pressure of reflected waveP3
Medium B
Acoustic impedance of Medium AZ1 Acoustic impedance of Medium  BZ2
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Figure 3-2. Principle of cell patterning using resonance vibration of culture surface Figure 3-2. Principle of cell patterning using resonance vibration of culture 
surface  
Figure 3-3. Principle of cell patterning using resonance vibration of culture 
surface  
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Figure 3-4. Eigenvalue analysis (ANSYS 16.0). Colored bar indicates out-of-plane displacement normalized to the maximum amplitude. 
A: Resonance vibration having single nodal circle (vibration frequency, 8.7 kHz). B: Resonance vibration having line-circle nodal pattern  
(vibration frequency, 16.6 kHz).
‐1 0 1
A B
Figure 3-4. Eigenvalue analysis (ANSYS 16.0). Colored bar indicates out-of-
plane displacement normalized to the maximum amplitude. A: Resonance 
vibration having single nodal circle (vibration frequency, 8.7 kHz). B: 
Resonance vibration having line-circle nodal pattern  (vibration frequency, 
16.6 kHz). 
 
ǩ 3ǧ ƕǆÿɳ^B\Sx¹';ȯɬƚ>ǆǱȀfYbL 






- 16.6 kHz#;ɼ 
 SUS316Lɒ'ě"ùɨǰĎ>ŗǕɻƟɨù>ÚÐ;$#øŬŕÓv`>Ñ






"ȞŶ>ȑɼŕÓĎ)ăǊŲ*ȆǈǨ$"ɻȞŶ)ɣ'* Table 2-1ɻTable 2-2ɻTable 
2-4~Table 2-7'ǚƽŀ«>ǆɻäɊð)ĚƘ'ə"* Table 3-1'ǚɼ&ɻù
ɨ-ƂȿɀŉȞŶ'*ŬɞȘǰƘȞŶXj_ ANSYS Ver 16.0 >ǆ"ɻŕÓĎ)ăǊŲ*
ȆǈǨɻȘǰĲƿ*Ƌòɫ$ɼùɨǰĎ)ɨƁ'ÚÐ;Ɵɨù)´ÏìƚŠ>ć
ÕɻÑŕ<;øŬŕÓv`>Ǚȧɼɻ<<)øŬŕÓv`>Ñŕ
;ɣ*ɻùɨǰĎ)ÁÎ<ɨƁȓɫ'ě" Figure 3-5 'ǚ8	'Ɵɨù>ÚÐ
ɼ&ɻ´Ï;Ɵɨù* 10 V$ɼùɨƂȿɀŉȞŶ)ȞŶǳŷ> Figure 3-6'
ǚɼæ÷8:ɻìƚŠ 9.9 kHz8- 19.3 kHz)Ɵɨù>´Ï;$ºý)ǭ> 1 Ŭ
;øŬŕÓv`8-ºý$ǒǸý>¡œ Ĳƿ)ǭ>Ŭ;øŬŕÓv`<





ŉ<ŕÓĎ)ȦǱ> Figure 2-58- Figure 3-7)8	'ƖĒɼ 
  
SUS316L plate Piezoelectric substrate Adhesion layer
Diameter
mm 35 30 30
Thickness
mm 1 0.5 0.001
Table 3-1 Dimension of the ultrasonic transducer
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Figure 3-5. Method of inputting AC voltage on the piezo electric substrate. (A) Resonance vibration having single nodal circle. (B) 






and have a phase difference of π  
A B
Figure 3-5. Method of inputting AC voltage on the piezo electric substrate. 
(A) R sonance v bratio  having single nodal circle. (B) Resonance vibration 
having line-circle nodal pattern.
‐1 0 1
A B
Figure 3-6. Piezoelectric structure coupled analysis (ANSYS 16.0). Colored bar indicates out-of-plane displacement normalized to the 
maximum amplitude. A: Resonance vibration having single nodal circle (vibration frequency, 9.9 kHz). B: Resonance vibration having line-
circle nodal pattern  (vibration frequency, 19.3 kHz).
Figure 3-6. Piezoelectric structure coupled analysis (ANSYS 16.0). Colored bar indicates 
out-of-plane displacement normalized to the maximum amplitude. A: Resonance 
vibration having single n dal circle (vibration frequency, 9.9 kHz). B: so ance vibr tion 
having line-circle nodal pattern  (vibration frequency, 19.3 kHz). 

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Figure 3-7. Dimension of the vibration transducer (A) Upper view. (B) Side view.
Figure 3-7. Dimension of the vibration transducer (A) Upper view. (B) Side view. 
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Figure 3-8. Dimension of the jig attaching piezoelectric substrate to SUS316L plate. (A) Upper view. (B) Side view
Figure 3-8. Dimension of the jig attaching piezoelectric substrate to SUS316L plate. (A) 
Upper view. (B) Side view 
 
Figure 3-9. Schematic image to show how to use the jig attaching piezoelectric substrate to SUS316L plate.
The jig attaching piezoelectric 
substrate to SUS316L plate.
SUS316L plate
Piezoelectric substrate
Figure 3-9. Schematic image to show how to use the jig attaching piezoelectric substrate 
to SUS316L plate. 
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Figure 3-10. Design of the cell patterning device. (A)Over view  (B) Upper view. (C)Cross-section view Figure 3-10. Design of the cell patterning device. (A)Over view  (B) Upper view. (C)Cross-section view  
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Figure 3-11. Dimension of the acrylic over   
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Figure 3-11. Dimension of the acrylic cover   
10 mm
Figure 3-12. Mold fabricating silicone rubber on the vibration transducer Figure 3-12. Mold fabric g silicone rubber on the vibration transducer  
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Figure 3-13. Schematic image showing how to use the silicone rubber moldFigure 3-13. Schematic image showing how to use the silicone rubber mold 
 
ǩ 3ǧ ƕǆÿɳ^B\Sx¹';ȯɬƚ>ǆǱȀfYbL 





3.4.1 3IE1F	S:  
  
 ůɮ#*ɻŕÓĎ'ºý)ǭ> 1  Ŭ;øŬŕÓ>Ñŕɣ)ìƚŠƾŀ>Ũ9'
;ɼFigure 3-6 'ǚùɨ-ƂȿɀŉȞŶ)ǳŷ>Þǿ'ɻùɨǰĎ'Ɵɨù>ÚÐ
ɻÚÐɨù)ìƚŠ>ćÕ&9ɻŕÓ)Ȅ#;ŕÓĎĊ)ŕÓŕĨ>ƪĒɼ
&ɻǱȀ>fYbL;ɣ*[we¹'L{W{> 2 mLɋǾɻ)'ÿû 50 
µm>´<ƿņ)ǱȀÿɳǆ^B\Sx>ɋǾ;ɼ)5ɻɝ)ƪĒ#*ɻ)ƿņ
#ŕÓĎ>Ñŕɼ´Ïɨù> 40 V$"ɻÚÐ;Ɵɨù)ìƚŠ> 7.0 kHz9 8.0 
kHz2# 0.1 kHz$'ćÕ"ƪĒɣ)ŕÓĎ)ŕÓŕĨ> Figure 3-15'ǚɼ&
ɻŕĨ*ūĉŕĨ#ƋȚÕ";ɼæ÷9ɻºý)ǭ> 1 Ŭ;øŬŕÓv`) 
  
10 mm
35 mm culture dish
Figure 3-14. Fabricated cell patterning device using ubiquitous culture dish Figure 3-14. Fabricated cell patterning device using ubiquitous culture dish  
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Figure 3-15. Relationship between driving frequency and normalized vibration displacement (voltage, 40 V). The displacement was in 




















igure 3-15. Relationship betwee  drivi g frequency and normalized vibration displacement 
(voltage, 40 V). The displacement was in the out-of-plane direction and normalized to the 
maximum value at resonance.  
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Figure 3-16. The relationships between input voltage and vibration displacement . 
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Figure 3-17.  The relationship between the output from the sensor electrode and the maximum vibration displacement. 


















Figure 3-17.  The relationship between the output from the sensor electrode and the maximum 
vibration displacement.  
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Figure 3-18. Positions where vibration displacements were measured at every 3 mm with single nodal circle Figure 3-18. Positions where vibration displacements were measured at every 3 mm with single nodal circle  
 
ǩ 3ǧ ƕǆÿɳ^B\Sx¹';ȯɬƚ>ǆǱȀfYbL 
























0 5 10 15 20
Measured value
Analyzed value
Figure 3-19. Comparison of measured and analyzed vibration displacement of the resonance vibration. 














Figure 3-19. Comparison of me sured and analyzed vibration displacement of 
the resonance vibration.  
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Figure 3-20. Temperature variation of the medium during cell patterning with each 
vibration amplitude. 
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The area for analyze
Figure 3-21. Schematic image showing how to measure cell distribution. 
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Figure 3-22. Fluorescent images of the cell patterning results with A: the control or a maximum amplitude of B: 5 µmp-p, C: 10 µmp-p, and D: 15 µmp-p. 
The number of seeded cells was 2.0  105 and patterned cells were cultured for 6 h. Live cells were dyed with Calcein-AM. The broken line shows the 





Figure 3-22. Fluorescent images of the cell patterning results with A: the control or a 
maximum amplitude of B: 5 µmp-p, C: 10 µmp-p, and D: 15 µmp-p. The number of seeded 
cells was 2.0 × 105 and patterned cells were cultured for 6 h. Live cells were dyed with 
Calcein-AM. The broken line shows the edge of the dish. Scale bar shows 10 µm. 
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Figure 3-23. Cell patterning results of the control cells (A) and cells with a maximum amplitude of 5 µm (B), 10 µm (C), and 15 µm (d) (mean  SD, n = 
4).  Comparison of the amplitude distribution and the cell distribution. The number of seeded cells was 2.0  105 and seeded cells were cultured for 6 
h. The ratio of the area of live cells to the area of the entire square was calculated as cell density.
Figure 3-23. Cell patte ning resu ts of the cont l c lls (A) and cells with a maximum 
amplitude of 5 µm (B), 10 µm (C), and 15 µm (d) (mean ± SD, n = 4).  Comparison of the 
amplitude distribution and the cell distribution. The number of seeded cells was 2.0 × 105 
and seeded cells were cultured for 6 h. The ratio of the area of live cells to the area of the 
entire square was calculated as cell density.     
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Figure 3-24. Cell patterning results of cells with a maximum amplitude of 5 µm (A), 10 µm (B), and 15 µm (C) (mean  SD, n = 4). Relationship
between the vibration amplitude, A, and the cell density. D. The number of seeded cells was 2.0 105 and patterned cells were cultured for 6 h. The
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Figure 3-24. Cell patterning results of cells with a maximum amplitude of 5 µm (A), 10 µm 
(B), and 15 µm (C) (mean ± SD, n = 4). Relationship between the vibration amplitude, A, 
and the cell density. D. The number of seeded cells was 2.0 × 105 and patterned cells 
were cultured for 6 h. The ratio of the area of live cells to the area of the entire square 
was calculated as cell density.    
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Figure 3-25. Fluorescent images of the samples after cell patterning with (A, C, E) a maximum amplitude of 10 µm and (B, D, F) control.
Samples were cultured for 24 h (A, B), 72 h (C, D), and 120 h (E,F). Live cells were dyed with Calcein-AM. Scale bars indicate 10 mm.






Figure 3-25. Fluorescent images of the samples after cell patterning with (A, C, E) a 
maximum amplitude of 10 µm and (B, D, F) control. Samples were cultured for 24 h (A, 
B), 72 h (C, D), and 120 h (E,F). Live cells were dyed with Calcein-AM. Scale bars indicate 
10 mm. Broken lines show the edges of the dish. 
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Figure 3-27. Cross section images of patterned (A) and control (B) samples, respectively. Cell nuclei and β-actin were stained 
with Hoechst33342 (blue) and Rhodamine Phalloidin (red), respectively. Scale bars indicate 10 µm. 
B
A
Figure 3-27. Cross section images of patterned (A) and control (B) samples, respectively. 
Cell nuclei and β-actin were stained with Hoechst33342 (blue) nd Rhodamine Phalloidin 
























Figure 3-26. Proliferation of the samples (mean  SD, n = 4, *p < 0.05, **p < 0.01). Np: Number of patterned cells. Nc: Number of control cells. 
Figure 3-26. Proliferation of the samples (mean ± SD, n = 4, *p < 0.05, **p < 0.01). Np: 
Number of patterned cells. Nc: Number of control cells.  
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Culture dish Cell-cell adhesion Cell-wall adhesion
Figure 3-28. Schematic imag  of the reaso  why cells were piled up when patt rned. (A) 
Cells making monolayer. (B-1) Patterned cells. (B-2) Shrunk cells.  
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Figure 3-29. Western blot analysis of C2C12 cells. Western blot of patterned and control 
cells using anti-leukemia inhibitory factor receptor (LIFR, top panel), anti-myosin heavy 
chain (MHC) (middle panel), and anti-β-actin (bottom panel) antibodies. Arrows indicate 
the target protein bands.  
 
ǩ 3ǧ ƕǆÿɳ^B\Sx¹';ȯɬƚ>ǆǱȀfYbL 










ɼ)ǳŷɻºý)ǭ>ɽ Ŭ;øŬŕÓv`>Ñŕ;øŬŕÓŠ* 17.7 kHz#























































Figure 3-30. Western blot analysis of C2C12 cells. Relative protein quantities of LIFR and MHC were measured using their band densities on western blots. Protein 
quantities were normalized to the band density of β-actin. The data are expressed as means with standard deviation (n = 3).
Figure 3-30. Western blot analysis of C2C12 cells. Relative protein quantities of LIFR and 
MHC were measured using their band densities on western blots. Protein quantities were 
normalized to the band density of β-actin. The data are expressed as means with standard 
deviation (n = 3).  
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Figure 3-31. Cell patterning results with another resonance vibration mode. The 
maximum amplitude is 4.5 µm. Fluorescent images. Live cells were dyed with Calcein-AM. The 
broken line shows the edge of the dish. The scale bar indicates 10 mm. The number of seeded 
cells was 2.0  105 and patterned cells were cultured for 6 h. 
Figure 3-31. Cell patterning results with another resonance vibration mode. The maximum 
amplitude is 4.5 µm. Fluorescen  images. Live cells were dyed with Calcein-AM. The 
broken line shows th  edge of the di h. The scale bar indicat s 10 mm. The number of 
seeded cells was 2.0 × 105 and patterned cells were cultured for 6 h.  
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Figure 3-32. Positions where vibration displacements were measured with line-circle node. The colored bar indicates out- of-plane displacement 
normalized to the maximum displacement. Figure 3-32. Positions where vibration displacements were measured with line-circle 
















Figure 3-33. Comparison of the amplitude distribution and cell distribution. Note that when evaluating amplitude distribution the input voltage and
frequency are 30 V and 17.7 kHz, respectively. the vibration amplitude: A, and the cell density: D. The number of seeded cells was 2.0 105 and patterned
cells were cultured for 6 h.
igure -33. C mparison of the amplitude istributi n and cell distribution. Note that when 
evaluating amplitude distribution the input voltage and frequency are 30 V and 17.7 kHz, 
respectively. the vibration amplitude: A, and the cell density: D. The number of seeded 
cells was 2.0 × 105 and patterned cells were cultured for 6 h.  
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Figure 3-33. Relationship between the vibration amplitude, A, and the cell density. D. The number of seeded cells was 2.0  105 and patterned cells 
were cultured for 6 h. Figure 3-34. Relationship between the vibration amplitude, A, and the cell density. D. The 
number of seeded cells was 2.0 × 105 and patterned cells were cultured for 6 h.  
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Figure 4-1. Concept of the cell sheet detachment 
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Figure 4-2. Culture dish used in the proposed method.  
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Figure 4-4. The mold for silicone rubber. 
 
Figure 4-3. Langevin transducer used in the proposed method 
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Figure 4-5. Cell sheet detaching device (A) Ultrasonic vibration is applied to 
cells to detach them from the bottom of the dish. (B) Device in an incubator. The 
diameter of the dish is 35 mm. 
 
Figure 4-5. Cell sheet detaching device (A) Ultrasonic vibration is applied to cells to
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Figure 4-6. The state of the resonance in the cell sheet detaching system.  
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Figure 4-7.  Schematic image of h w to measure th  current. 
 
ǳ 4Ǳ ɅɼƦ(7:ơǎüʆĖî8)ȀȕP~[)Ãɴ     
   
  
111 
















Figure 4-8. Vibration characteristics of the Langevin transducer.
Relationship between input frequency and electric power consumption































Figure 4-8. Vibration characteristics of the Langevin transducer.  Relationship 
between input frequency and electric power consumption (n = 3). Electric power 
was normalized to the maximum value (12.5 W) at resonance.  
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Figure 4-9. Vibration amplitude distribution on the transducer surface measured by
a laser Doppler vibrometer. The position of the measurement (A) and the result (B).
Av: vibration amplitude normalized to the maximum value. X and Y: distance from





























every 5 mm)  
Figure 4-9. Vibration amplitude distribution on the transducer surface 
measured y a laser Dop ler vibr meter. The position of the measurement 
(A) a d the result (B). Av: vibration amplitude normalize  to the maximu  
value. X and Y: distance from the center of the Langevin transducer along 
with respective direction. 
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Figure 4-10. Time course of temperature changes over 1 h of ultrasonic exposure at 





















 37.5 V25.0 V
12.5 V
Figure 4-10. Time hist ry of t mperature over 1 h of ultrasonic exposure at 
each input voltage measured by a temperature sensor. 
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Figure 4-11. Cell sheets after ultrasonic exposure for 1 h at input voltages of (A) 12.5 V 





Figure 4-11. Cell sheets after ultrasonic exposure for 1 h at input voltages 
of (A) 12.5 V or (B) 25 V.  
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Figure 4-12. Appearance of cell sheets detached at an input voltage of 25 V.
5 mm
Figure 4-12. Appearance of cell sheets detached at an input voltage of 25 V. 
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Figure 4-13. Number of cell sheets successfully detached with the corresponding





























Figure 4-13. Number of cell sheets successfully detached with the 
corresponding duration of ultrasonic exposure and input voltage of 25 V. 
Note that the total number of trials was 45.  
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Figure 4-14.  Preparation of hematoxylin and eosin stain 
Figure 4-14. Preparation of hematoxylin and eosin stain  
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 34ʏ'ʎ-actin)Ēɢ(*ʎƔŕ%# 1,000-fold dilution of rabbit anti-mouse β-
actin polyclonal antibody (#4967; Cell Signaling Technology)=ʎƔŕ%# anti-rabbit IgG (62-
6120; Thermo Scientific, Waltham, MA, USA)=ǎʏ8(ʎȀȕ(Ďõ:U|bIɃ%
#ʎFibronectinʎMyocin Heavy Chain (MHC)ʎLeukemia inhibitory factor receptor (LIFR)ʎ% Integirin 
	5=U~KX[%ʏ1ʎüʆƼ2(Ƃ¹:U|bIɃ%#* Vascular endothelial 
growth factor (VEGF)% stromal cell-derived factor 1 (SDF-1)=U~KX[%#əŗʏ)
4ʎFibronectin )ƌ¹)4(ʎƔŕ%# 0.4 µg/mL mouse anti-human fibronectin 
monoclonal antibody (ab194395, Abcam)=ʎƔŕ%# Anti-mouse IgG (whole molecule)-
peroxidase antibody produced in goatʌA4416-1 mLʎsigmaʍ=ʎIntegrin 	5)ƌ¹)4(ʎ
Ɣŕ%# 500-fold dilution of rabbit anti-human integrin α5 polyclonal antibody (#98204; Cell 
Signaling Technology, Boston, MA, USA)=ʎƔŕ%# anti-rabbit IgG (62-6120; Thermo 
Scientific, Waltham, MA, USA)=ʎLIFR)ƌ¹)4(Ɣŕ%# 0.4 µg/mL rabbit anti-
human LIFR polyclonal antibody (22779-1-AP; Proteintech, Rosemont, IL, USA)=ʎƔŕ%
# anti-rabbit IgG (62-6120; Thermo Scientific, Waltham, MA, USA)=ʎMHC)ƌ¹)4(ʎ
Ɣŕ%# 2 µg/mL mouse anti-chicken MHC monoclonal antibody (MF20; R&D systems, 
Minneapolis, MN, USA)=ʎƔŕ%# 10,000-fold dilution of horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (12-349; Sigma-Aldrich)=ʎ VEGF)ƌ¹)4(ʎƔŕ%
# 0.5 µg/mL rabbit anti-human VEGF polyclonal antibody (R30265; NSJ Bioreagents, Carmel 
Mountain Ranch, CA, USA)=ʎƔŕ%# anti-rabbit IgG (62-6120; Thermo Scientific, 
Waltham, MA, USA)=ʎSDF-1)ƌ¹)4(ʎƔŕ%# 1 µg/mL rabbit anti-human SDF-
1 polyclonal antibody (41422; Signalway Antibody, College Park, MD, USA)=ʎƔŕ%#
anti-rabbit IgG (62-6120; Thermo Scientific, Waltham, MA, USA)=ǎʏȴ)ŕ%ƅȟ
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Anti-mouse IgG (whole 
molecule)-peroxidase 




integrin α5 polyclonal 
antibody
Anti-rabbit IgG













VEGF Rabbit anti-human VEGF polyclonal antibody Anti-rabbit IgG
SDF-1 Rabbit anti-human SDF-1 polyclonal antibody Anti-rabbit IgG
Table. 4-1 Protein and antibody for immunostaining  
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Figure 4-15. Entire calcein-stained cell sheet 
10 mm
Figure 4-15. Entire calcein-stained cell sheet  
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Figure 4-16. Cross-section view of an HE-stained cell sheet observed by phase-
contrast microscopy.
100 µm
Figure 4-16. Cross-section view of an HE-stained cell sheet observed by 
phase-contrast microscopy. 
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Figure 4-17. The edge of a fibronectin-stained cell sheet observed by fluorescence 
microscopy. 
500 µm
Figure 4-17. T  edge of a fibronectin-stain d c ll she t observed by 
fluorescence microscopy.  
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Figure 4-18. The tar t roteins for WB 
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Figure 4-19. Cell sheets collected by the proposed method (Mp) and conventional
method (Mc) were lysed in SDS-PAGE sample buffer, and proteins were analysed
by western blotting with the following antibodies: anti-fibronectin (220 kDa, first
panel), anti-myosin heavy chain (MHC, 220 kDa, second panel), anti-leukaemia
inhibitory factor receptor (LIFR, 190 kDa, third panel), anti-integrin α5 (150 kDa,
fourth panel), anti-β-actin (45 kDa, fifth panel), anti-vascular endothelial growth
factor (VEGF, 22 kDa, sixth panel), and anti-SDF-1 (10 kDa, seventh panel).

































Figure 4-19. Cell sheets collected by the proposed method (Mp) and conventional 
method (Mc) were lysed in SDS-PAGE sample buffer, and proteins were analysed by 
western blotting wit  the following antibodies: anti-fibr ectin (220 kDa, first panel), 
anti-myosin heavy chain (MHC, 220 kDa, second panel), a ti-leukaemia inhibitory 
factor receptor (LIFR, 190 kDa, third panel), anti-integrin α5 (150 kDa, fourth panel), 
anti-β-actin (45 kDa, fifth panel), anti-vascular endothelial growth factor (VEGF, 22 
kDa, sixth panel), and anti-SDF-1 (10 kDa, seventh panel). Arrows indicate target 
bands. Relative protein quantities 
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Figure 4-20. Comparison of protein expression in cell sheets. Quantities (Q) of
fibronectin, MHC, LIFR, integrin α5, VEGF, and SDF-1 were measured using
their band densities on western blots. Protein quantities were normalized to the
band density of β-actin and expressed as the quantity relative to the
conventional method (mean SD, n = 4).
Figure 4-20. Comparison of protein expression in cell sheets. Quantities (Q) of  
fibronectin, MHC, LIFR, integrin α5, VEGF, and SDF-1 were measured using their 
band ities on western blots. Protein qu ntities were normalized to the band 
density f β-actin and expressed as the quantity relative to the conventional method 
(mean ± SD, n = 4). 
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Figure 4-21. Results of cell sheet metabolism assays. (A) Glucose consumption 
and (B) lactate production after 24 h of culture (mean ± SD, n = 4, *p < 0.05; **p 
< 0.01). Note that Mp and Mc represent the proposed and conventional methods, 
respectively. These assays were conducted after culturing cell sheets detached 
by each method for 24 h. Detached cell sheets were transferred to another 
culture dish and cultured with 2 mL culture medium. Finally, the supernatant was 
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Figure 4-22. Overview of the cell detaching device. T25 flask is placed on the 
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fwRL=ɝȑʏåƦũ 158.2 kHz ~ 158.4 kHz)ɩ= 100 ms$RB~h 87.5 V)
ƪɶô=ŜÉč(ÑÆ:%$ʎǥē(ŜÉč=±ŜʎȀȕP~[)Ãɴ=Ȧ ʏ





060ʎɪȿǊËƇıǧʍ(ǩɏʏ)ĽʎȀȕP~[)åñ(:üö= 1000 µL W
Xh% 1000 µLekX[=ǎ#ɯÔʎB|Hvj~U(¯;# 60º/&üʆ:%
$ȀȕP~[=üʆɻ(ŞǜʏȀȕP~[üʆɻ(Şǜ%=ǥȹ)(ʎ
üʆɻ= PBS $ 2 ïƨƫ:%$üö³) FBS (á1;: Ca =ɯÔʎƿȥƲüö 6 
mL( 12 µL) Calcein AM=ƱÞƅȟư= 6 mLZAXPv(Ğ¯#B|Hvj~U
















Figure 4-23 Relationship between input voltage frequency and impedance.Figure 4-23 Relationship between input voltage frequency and impedance.  
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Figure 4-24 Cell sheet detachment from a T25 flask. (A) Appearance of the cell sheet
being detached. (B) Cell sheet detached from the flask. (C) The detached cell sheet







Figure 4-24 Cell sheet detachment from a T25 flask. (A) Appearance of the cell 
sheet being detached. (B) Cell sheet detached from the flask. (C) The detached 
cell sheet was transferred to a 60-mm dish to observe its morphology.  
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Figure 4-25 A corner of the cell sheet stained with calcein-AM to
evaluate viability of the cell sheet. The staining indicated that the cell
sheet consisted of live cells.
Figure 4-25 A corner of the cell sheet stained with calcein-AM to evaluate viability 
of the cell sh et. The staining indicat d that the cell sheet consisted of live cells.  
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Figure 4-26 Cell species for cell sheet preparation
https://www.cellseed.com/product/upcell/application.html
Figure 4-26 Cell species for cell sheet preparation 
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